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The  performance  of  the  STICS  soil-crop  model  for  the  dynamic  prediction  of  soil  water  content  (SWC)  and
soil  mineral  nitrogen  (SMN)  in  the root zone  (120  cm)  of seven  agricultural  fields  was  evaluated  using
field  measurements  in  a  coarse-grained  alluvial  aquifer  of the  Garonne  River  floodplain  (southwestern
France)  from  2005  to  2007.  The  STICS  model  was  used  to simulate  drainage  and  nitrate  concentration
in  drainage  water  in  all the  agricultural  fields  of  the  study  area,  in  order  to  quantify  and  assess  the
temporal  and  spatial  variability  of  nitrate  leaching  into  groundwater.  Simulations  of  SWC  and  SMN  in
the  seven  monitored  fields  were  found  to  be satisfactory  as  indicated  by root  mean  square  error  (RMSE)
and  model  efficiency  being  6.8  and  0.84%  for  SWC  and  22.8 and  0.92%  for SMN,  respectively.  On  average,
SWC  was slightly  overestimated  by a mean  difference  of  10 mm  (3%)  and  there  was  almost  no  bias  in
SMN  estimations  (<0.5%).  These  satisfactory  results  demonstrate  the  potential  for  using  the  STICS  model
to  accurately  simulate  nitrate  leaching.
Across the study  area,  simulated  drainage  and  nitrate  concentration  were  extremely  variable  from one
field  to  another.  For  some  fields,  simulated  mean  annual  nitrate  concentration  in drainage  water  exceeded
300  mg  NO3− L−1 and  predicted  nitrate  leaching  was  close  to 100  kg  N  ha−1, while  other  fields  had  very
low  nitrate  losses.  About  15%  of the  farmers’  fields  were  responsible  for 60–70%  of  nitrate  leaching.  The
SMN  in late  autumn,  before  winter  drainage,  was found  the  main  determining  factor  explaining  this
variability.  This  situation  may  be  attributed  to  unsatisfactory  cumulative  nitrogen  management  over  the
medium  term. Ineffective  nitrogen  management  was  found  to be  more  detrimental  than  a single  annual
incident  of  overfertilization,  particularly  in situations  of deep  soils  and  in  cases  of low  or highly  variable
drainage  between  years.. Introduction
The European Water Framework aims to achieve long-term
ustainable water management for both surface and groundwa-
er bodies. The first step of this framework is to achieve “good
tatus” for all waters by 2015. One component of good status is
he nitrate concentration in both surface water and groundwater.
ntensive agriculture has contributed to an increase in nitrate levels
n many areas of Europe (Strebel et al., 1989). Alluvial ground-
ater is particularly vulnerable to nitrate (NO3−) leaching due to
∗ Corresponding author. Tel.: +33 05 34 32 39 20; fax: +33 05 34 32 39 55.
E-mail  addresses: jose-miguel.sanchez-perez@univ-tlse3.fr, sanchez@cict.fr
J.M.  Sánchez-Pérez).
1 Present address: Agriculture and Agri-Food Canada, Soils and Crops Research
nd  Development Centre, 2560 boulevard Hochelaga, Quebec, QC, G1V 2J3 Canada.nitrogen (N) losses from agricultural soils, since agricultural land is
characterized by the presence of shallow groundwater and fertile
soils suitable for farming. Several studies have shown that nitrate
leaching through unsaturated soil can have an important impact on
groundwater pollution (Gustafson, 1983; Bijay-Singh et al., 1995;
Arrate et al., 1996; Sánchez-Pérez et al., 2003c). However, the rela-
tionship between groundwater NO3− concentration and N sources
used at the soil surface is complex.
Previous studies have proved that crop models present poten-
tial for quantifying the impact of agricultural activities on nitrate
leaching into groundwater (Wagenet and Hutson, 1996; Loague and
Corwin, 1996; Hoffmann and Johnson, 1999). First, they are able to
simulate complex processes and calculate variables that are diffi-
cult to measure. Several important sources of N in agricultural soils,
such as mineralization from organic matter or nitrogen-rich crop
residues (e.g., legumes), fertilizer or atmospheric deposition, can
be converted to NO3− and incorporated into groundwater recharge
Fig. 1. Map  of the study area showing (a) the location of the study area, (b) the floodplain limit, the four soil types defined and the piezometer locations, and (c) 2006 and
(d)  2007 land use and locations of the monitored fields (indicated by numbers).
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zBöhlke, 2002). That is why soil-crop models, validated using in situ
easurable variables, such as soil water content (SWC) and soil
ineral nitrogen (SMN) content, are useful for quantifying nitrate
eaching in agricultural areas.
Another advantage of crop models is their ability to simulate
he crop rotation pattern and the fallow period between two main
rops over several years. This is critical for studying nitrate leach-
ng because the temporal dynamics of this process are greatly
nfluenced by the status of the crop and climatic variations. This
emporal aspect is also useful for predicting the mitigation effects
f improved agricultural practices, such as optimized N fertilizer
pplications and catch crop establishment, on soil and water status.
f the SMN  level at harvest is high and no new crop is sown imme-
iately, the use of a catch crop is an efficient way to reduce nitrate
eaching during fallow periods (see review by Thorup-Kristensen
t al., 2003). However, the effects of any catch crop should be eval-
ated over the long term rather than just the short term (Berntsen
t al., 2006).
Many models such as Crop Environment REsource Synthesis
CERES) (Ritchie and Otter, 1984; Jones and Kiniry, 1986), Erosion
roductivity Integrated Calculator (EPIC) (Williams et al., 1989) and
imulateur mulTIdisciplinaire pour les Cultures Standard (STICS)
Brisson et al., 1998) are able to simulate crop growth and water
nd nitrogen balances at field scale. However, the predictive qual-
ty of these models has been evaluated mainly on the basis of annual
xperiments and/or experimental conditions. Their ability to pre-
ict water and nitrogen leaching over 2–3 years in “real” farm
onditions, which may  differ from the agricultural practices applied
n experimental sites, needs to be more widely evaluated before
hey are used to simulate ex ante scenarios of cropping systems
Beaudoin et al., 2008). One possibility is to compare temporal sim-
lated and measured soil water and mineral nitrogen in the rooting
one in order to evaluate the ability of the model to simulate thenitrogen  cycle and water and nitrate movements in the unsaturated
zone of the soil toward the groundwater.
The aim of this study was to analyze and quantify when and
where nitrate leaching occurs in an alluvial floodplain, using a
dynamic soil-crop model. The objectives of our work were twofold:
(1) to evaluate the predictive quality of the dynamic STICS soil-
crop model for simulating soil water and mineral-N contents over
three successive annual periods in comparison with field measure-
ments; (2) to analyze and quantify the impact of crop sequence and
the effect of initial soil mineral content on simulated spatial and
temporal nitrate leaching. The work was carried out in farm fields
located in the alluvial floodplain, in which conventional agricultural
practices are applied.
2.  Materials and methods
2.1.  Study area
The  study site is located in a meander of the Garonne River at
Monbéqui in southwestern France (43◦53′30′′N, 1◦13′00′′E). The
area extends over approximately 12 km2, with 50 agricultural
fields, most of which are used for crops, making up about 75% of
the total area (Fig. 1).
The alluvial plain of the Garonne River comprises a succes-
sion of terraces. An alluvial aquifer is situated in the first terrace,
which is composed of coarse alluvium. The first 50–100 m from
the riverbank are covered by riparian forest and poplar planta-
tions, beyond which lies agricultural land. The alluvial aquifer
comprises a layer, about 6–7 m thick, overlying impermeable
and indurate marl. Previous measurements of nitrate concentra-
tion in this aquifer showed considerable spatial variability over a
short distance. The measured nitrate concentration in the ground-
water (see Fig. 1 for piezometers location) varies widely from
         
Table  1
Climatic data (rainfall, minimum and maximum temperature and cumulative solar radiation) recorded from November 2004 to October 2007.
Period Rainfall (mm)  Mean Tmin (◦C) Mean Tmax (◦C) Cumulative solar
radiation  (MJ  m−2)
1/1/04–30/11/05 501 8.7 17.7 4861
1/12/05–31/10/06 644 8.5 20.2 4896
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0 to 90 mg  NO3 L−1, whereas in the river it varies from 10 to
0 mg  NO3 L−1 (Sánchez-Pérez et al., 2003b). Interactions between
he river and the groundwater could explain part of the spatial
istribution of nitrate concentrations. Indeed, dilution and den-
trification processes could explain the low groundwater nitrate
oncentration (∼10 mg  NO3 L−1) observed in the alluvial aquifer
long the riverbank (Sánchez-Pérez et al., 2003a; Iribar et al., 2008).
n fact, there are “hotspots” of denitrification in the aquifer area that
re regularly subjected to mixing of river water and aquifer water
McClain et al., 2003; Sánchez-Pérez et al., 2003a; Iribar et al., 2008).
n addition, in this area the nitrate concentrations in groundwater
re diluted by the river water (Weng et al., 2003; Peyrard et al.,
008). However, there are also large spatial variations in ground-
ater nitrate concentration inside the alluvial aquifer underlying
gricultural land, where the influence of river water is very low.
The  main crops in the study area are wheat and maize, with
ess important crops being peas, sorghum, soybean, rapeseed and
unflower. Melons and vetch (green manure) are also grown occa-
ionally. Some of the maize and wheat fields were being used to
valuate new cultivars in large trials carried out by seed compa-
ies. Poplar plantations represented about 15% of the total area
nd were located near the river. The rest of the area was covered
y buildings (5%) and riparian forest (5%).
Mean annual precipitation in the study area is about 660 mm
1994–2007). Meteorological data for the period from December
005 to October 2007 were collected on the site using an automatic
eteorological station (Table 1). From January 2005 to December
005, precipitation data were obtained from the Monbéqui meteo-
ological station (Meteo France), located 1 km from the study site.
ata on temperature, wind, humidity and solar radiation were
btained from Toulouse-Blagnac meteorological station (Meteo
rance), located 50 km from the site. For the three crop sequences
n the monitored fields, the 2004–2005 period was  the driest and
he 2005–2006 period the wettest. The mean minimum temper-
ture and the mean daily solar radiation were almost the same
or all three cropping periods. Total annual rainfall was 501 mm
or the 2004–2005 period, 644 mm for the 2005–2006 period and
00 mm for the 2006–2007 period. Seasonal precipitation distri-
ution shows that precipitation tends to be lower in winter than
n spring, summer and autumn. In summer, showers and storms
an generate short, intense precipitation events (ca. 30 mm day−1).
able 2
oil  properties of the four soils identified in the study area.
Soil 1 S
Depth (cm) 0–30 30–120 0
Sand (%) 36 38 3
Silt  (%) 44 44 5
Clay  (%) 20 18 1
pH 8.2 8.4 
CaCO3 (%) 6.7 7.6 
Organic-C  (g kg−1) 10 5 
Organic-N  (g kg−1) 0.9 0.4 
Field  capacity (water in g g−1 of soil) 22.6 15.7 2
Permanent  wilting point (water in g g−1 of soil) 7.5 6.3 19.0 4971
During the study period, the groundwater level varied between 2.5
and 5 m below the soil surface and the groundwater did not interact
with the root systems of arable crops.
2.2. Experimental design
2.2.1.  Monitored fields and field-scale modeling
Soils cores were collected from 25 fields (including seven mon-
itored fields) in order to determine soil characteristics, i.e., texture,
organic matter, pH, total carbonates (Table 2). There was  a texture
gradient from the riverbank to the end of the first terrace ranging
from sandy loam to silty clay loam texture. This gradient was  par-
ticularly pronounced near the riverbank, where there are riparian
forests and poplar plantations. The soil characteristics of the agri-
cultural fields were fairly homogenous. From the soil analysis, four
classes of soils were distinguished (Fig. 1). Soil 1 was  situated near
the Garonne riverbank, its texture was loamy, and it contained a
high percentage of limestone. Soil 2, situated a little farther from
the riverbed, was a silty loam, and contained less sand and more silt
than soil 1. Soils 3 and 4 were silty clay loams, but soil 3 contained
less sand and CaCO3 than soil 4, and its pH was lower.
A group of seven fields was  monitored from February 2005
(fields 1, 6, and 10) or December 2005 (fields 2, 3, 5, and 8) to
October 2007. These fields were a representative sample of all main
crops and soil types at the site. They included six agricultural fields
(1, 2, 3, 6, 8, and 10) and a fallow field (5), occasionally grazed, with
no cropping or mineral-N fertilizer, which was  used as the control
representing minimum N leaching under the prevailing pedocli-
matic conditions (Fig. 1b). The crop sequences and the quantity of
N fertilizer and irrigation water applied to each of the monitored
agricultural fields are reported in Table 3. Only maize and sorghum
were irrigated. Pea and soybean were generally not fertilized. One
wheat field was  not fertilized in 2006, because the sampling zone
was located in an unfertilized area of a wheat trial. Sunflower is
usually not fertilized with N because it has low N requirements
and its N needs are met  by a high level of soil N mineralization in
spring and summer.For  each field, soil cores were extracted on 7–13 sampling dates,
from February 2005 to November 2007 (see Fig. 1). The soil cores
were collected to a depth of 1.2 m using an automatic soil corer.
In order to take intra-field variability into account, between 6 and
oil 2 Soil 3 Soil 4
–30 30–120 0–30 30–120 0–30 30–120
0 28 12 10 20 23
2 50 59 52 51 48
8 22 29 38 29 29
8 8.3 7.3 7.5 8.5 8.3
1.7 2.8 0.1 0.1 2 2.6
9 6 12 8 12 8
0.8 0.5 1.0 0.6 1.0 0.6
1.6 20.9 24.2 23.1 23.0 22.0
9.6 9.5 9.5 10.2 9.5 9.8
Field Crop rotation
2005 2006 2007
Crop Fertilization
(kg N ha−1)
Irrigation
(mm)
Crop Fertilization
(kg N ha−1)
Irrigation
(mm)
Crop Fertilization
(kg N ha−1)
Irrigation
(mm)
1 Soybean 0 0 Winter pea 0 0 Maize 150 175
2  Maize 95 140 Wheat 140 0
3 Sorghum 220 80 Wheat 108 0
5 Fallow 0 0 Fallow 0 0
0 
80 
134 
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c6  Spring pea 0 0 Wheat 
8  Soybean 
10  Sunflower 0 0 Wheat 
0 cores, depending on the size of the field, were taken from each
eld on each sampling date. Each sample was first divided into four
ayers of 30 cm and then mixed between the 6 and 10 cores layer by
ayer before analysis. The first 30 cm corresponded to the plowed
orizon; the other layers did not correspond strictly to pedologi-
al horizons but were selected to evaluate the capacity of the STICS
oil-crop model to simulate water and nitrate movement inside the
oil profile. The cores were homogenized and moisture content was
easured after drying at 105 ◦C for 24 h. Samples were extracted
ith 1 mol  L−1 KCl solution per 100 g of fresh soil, and nitrate and
mmonium contents were measured by continuous flow colorime-
ry (autoanalyzer, Skalar Analytical).
Soil moisture at field capacity and at wilting point was  esti-
ated from gravimetric in situ soil measurements. Field capacity
f each 30 cm layer was estimated from soil cores sampled 2–3
ays after rainfall events during the three winters studied. Wilt-
ng point moisture was estimated from measurements made at the
nd of summer and the beginning of autumn after the crops were
arvested. These values are summarized in Table 2. The estimated
eld capacity values were in good agreement with those estimated
sing the pedotransfer function developed by Saxton and Rawls
2006), while the wilting points were generally a little lower (1–2%)
han those estimated with this function. Moreover, in situ soil mois-
ure measurements are more representative than standardized lab
xperiments (soil homogenized and sieved through 2 mm mesh)
arried out on de-structured soil (Mary et al., 1999). For the fields
tudied, the available soil water for crops varied between 190 and
35 mm to a depth of 1.2 m.
The  STICS model was initialized once using soil water and
ineral-N contents measured in February 2005 for fields 1, 6 and
0, where spring crops were sown in 2005; and with the corre-
ponding data from December 2005 for fields 2, 3, 5 and 8, where
inter crops were sown. The output variables used for model eval-
ation were the water and mineral-N contents in the whole 1.2 m
eep soil profile.
.2.2.  Sampling in supplementary fields and modeling of the
hole  study area
In  order to evaluate SMN  variability for the whole study area,
ll fields were sampled in 2007, specifically in July after harvest-
ng of the winter crops (wheat, rapeseed, winter pea) and in early
ovember after harvesting of the spring crops (maize, sorghum,
unflower, melon, and soybean). These fields were sampled and
nalyzed (water and mineral-N contents) using the same methods
s for the monitored fields. While measured SMN and SWC  were
sed as the initialization data for the monitored fields, initialization
or the other fields in the alluvial zone was performed in November
005 using values obtained by inversion of the STICS model in order
o minimize differences between predicted and measured SWC  and
MN  values at harvest 2007. The initial SWC  values obtained were
lose to field capacity as for the monitored fields. Initial SMN  values0 Rapeseed 178 0
0 Soybean 50 0
0 Soybean 40 0
varied  between 25 and 300 kg N ha−1, which is the same range of
variation as for the monitored fields. Using this method and the esti-
mated initial values, the simulated SMN  values at harvest in 2007
were in reasonably good agreement with the measured values. The
bias was  small (ME  = 3.1 kg N-NO3 ha−1) and RMSE was fairly good
(RMSE = 26.9 kg N-NO3 ha−1). It was  then possible to run the model
and to calculate nitrate leaching for each field in the study area. As
the simulations of the 7 monitored fields showed that drainage was
either nil or very low during the 2004–2005 crop sequence, the sim-
ulations were only performed on the 2005–2006 and 2006–2007
crop sequences, which are presented in Fig. 1b. Crop management
practices were assessed using data on real farm practices collected
in surveys of the farmers who  manage the monitored fields.
2.3.  Model evaluation
The  statistical evaluation of the model focused on both SMN
and SWC  measured on the sampling dates. Three statistical criteria
were used (Smith et al., 1996):
Model efficiency (EF): optimal value = 1
EF = 1 −
∑n
i=1(Pi − Oi)2∑n
i=1(Oi − O¯)2
Mean error (ME) and its relative value in % (ME%): optimal value = 0
ME = 1
n
n∑
i=1
(Oi − Pi); ME% =
(
ME
O¯
)
× 100
Root  mean square error (RMSE) and its relative value (RMSE%):
optimal value = 0
RMSE =
√√√√1
n
n∑
n=1
(Oi − Pi)2; RMSE% =
(
RMSE
O¯
)
× 100
where n is the number of observations, Oi the observed value, O¯
the  mean of the observed values, and Pi the value predicted by the
model.
A model efficiency level higher than 0.6 is generally accepted
as very efficient. A mean error (%) and a Root mean square error
(%) lower than 15% can be considered very efficient considering all
the processes simulated and the simplifications used in the model
(Smith et al., 1996).
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output variables highlighted in this study. As the STICS model had
T
Vig. 2. Observed and simulated values of (a) soil water and (b) soil nitrogen content
ver  a 1.2 m depth in the monitored fields.
.4. The STICS model
This  study was carried out using the STICS model, which was
ainly developed at the National Institute of Agronomic Research
INRA) in France. STICS is a dynamic soil-crop simulation model
unctioning at the daytime scale (Brisson et al., 1998, 2002, 2003,
008). The crop of interest is characterized by its aboveground
able 4
alidation results of simulated soil water content and mineral-N content.
Field 1 Field 2 Field 3 Field
Soil water content on 0–120 cm (mm)
Obs  number 11 9 7 8 
ME −9.7  −11.9 −25.7 27.7
ME  (%) −3.5 −3.4 −6.7 7.4
RMSE  16.6 22.2 28.8 46.2
RMSE  (%) 6.0 6.4 7.6 12.3
EF  0.92 −0.51 −4.70 −1.4
Soil  mineral-N content on 0–120 cm (kg N ha−1)
Obs number 11 9 7 8 
ME  −6.2 −11.2 9.0 −4.0
ME  (%) −7.0  −4.8 3.0 −31.2
RMSE  28.1 31.2 35.5 7.6
RMSE  (%) 31.6  13.5 12.0 58.7
EF  0.59 0.90 0.51 −0.0biomass (carbon and nitrogen), leaf area index, and number and
biomass (carbon and nitrogen) of harvested crop organs. The soil
description includes four compartments: microporosity (or textu-
ral porosity), macroporosity (or structural porosity), fissures (in
the case of swelling clay soils) and stones (various types of stones
according to their porosity and water storage). The soil is divided
into a maximum of 5 horizons but calculations of microporos-
ity are done per 1 cm layer, which is the resolution required to
derive nitrate concentration with relevance as shown by Mary
et al. (1999). Water transport in soil micropores was  calculated for
each 1 cm layer using a tipping bucket approach. The daily water
budget allows calculation of the water status of the soil, includ-
ing actual evaporation and crop transpiration, as well as indices
of water stress, which reduce leaf growth and net photosynthesis
of plants. It is based on estimating the water requirements of the
soil–leaf system on the one hand and on the water supply to the
soil–root system on the other. The daily nitrogen budget takes into
account mineralization from humus and crop residues, denitrifica-
tion, nitrogen absorption and symbiotic N2 fixation for leguminous
crops.
In the STICS model, the soil is characterized by thickness, bulk
density, field capacity and wilting point values for each layer; these
properties needed to be specified for each layer whose depth is
determined by the user (actual pedological or sampling depth).
Other soil property data are required to run the model, such as
the organic N, clay, pH and carbonate contents in the plowed
layer; these parameters drive the soil N mineralization simulation.
The last inputs required are climate data, such as daily mini-
mum and maximum temperatures, solar radiation (global incoming
energy), rainfall and calculated potential evapotranspiration. For
crop management, the model requires data on sowing (date, depth
and density), mineral and organic N fertilization, irrigation and
soil tillage with plowing of crop residues and organic products.
The model can be used on successive crop sequences without
re-initialization every year. Soil water, mineral nitrogen, organic
nitrogen and carbon are updated after each crop cycle. Decomposi-
tion of crop residues is also taken into account from harvest to the
next crop. The STICS model was  initially parameterized and vali-
dated for bare soil and wheat and maize crops (Brisson et al., 1998),
but it has since then been adapted for other crops such as rapeseed,
sunflower, soybean, flax, tomato, sorghum, lettuce, white mustard,
sugar beet and potato (Brisson et al., 2003). More than 200 output
variables can be simulated daily, such as (i) soil water and nitrate
contents in each layer, (ii) crop water and nitrogen uptake, and
(iii) water drainage, nitrate leaching and nitrate concentration—thepreviously been calibrated and validated for all the crops studied
in the present work (Brisson et al., 1998, 2003), we used the model
without any specific calibration of crop parameters. Moreover, no
 5 Field 6 Field 8 Field 10 All fields
9 9 13 66
 −23.1 2.0 −4.5 −10.3
 −6.3 0.5 −1.4 −3.0
 32.8 25.6 30.2 23.7
 8.9 6.7 9.1 6.8
1 0.82 0.12 0.81 0.84
9 9 13 66
 18.8 8.0 2.4 0.5
 14.0 9.0 3.6 0.4
 33.9 27.7 19.4 27.7
 25.2 30.9 29.5 22.8
1 0.68 0.67 0.56 0.92
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pecific calibration was carried out for any soil or crop processes
ince the model can simulate a wide range of pedoclimatic and
ropping system conditions (Brisson et al., 2003).
. Results and discussion
.1.  Model validation
For  the seven monitored fields, the simulated values were in
ood agreement with the observed data (Fig. 2). For soil water con-
ent (SWC) the simulations were satisfactory (Fig. 2a; R2 = 0.81;
 < 0.001). However, there was a small tendency for the model to
verestimate the lower SWC  values. Overall, SWC  was overesti-
ated by only 10.3 mm (3.0%) on average (Table 4). The ME values
ere low and ranged from −25.7 mm to 27.7 mm.  There was  a slight
verestimation for fields 1, 2, 3, and 6 and 10, and a slight underesti-
ation for fields 5 and 8. The prediction error (RMSE) was  low and
aried between 6.0 and 12.3%. Model efficiency was  satisfactory
or fields 1, 6, and 10. For field 8, efficiency was slightly higher than
ero, while for the other fields (fields 2, 3 and 5) model efficiency
as less than zero. This low efficiency could be explained by the
mall range of variation in the observed data. Thus the model was
ot able to simulate very small variations in water content (a few
m of water for 1.2 m soil depth), which could have been partly
ue to measurement precision.
With  regard to soil mineral nitrogen (SMN), the model was able
o correctly simulate the observations without any bias (Fig. 2b;
2 = 0.92; P < 0.001). The range of values of the observed data was
arge, indicating that the model has sufficient sensitivity to simulate
arge soil mineral-N variations. The SMN  content was  overesti-
ated by only 0.5 kg N ha−1 on average. This good overall ME  was
artly due to compensation effects between fields. The soil mineral-
 was slightly overestimated in fields 1, 2 and 5, and slightly
nderestimated in fields 3, 6, 8 and 10. The prediction error (RMSE)
aried between 12.0 and 58.7%. The model efficiency was  good
>0.6) for fields 1, 2, 6, and 8 and less satisfactory for fields 3 and 10.
or field 5 (fallow land used for grazing), the efficiency was  less than
ero; the high ME  and RMSE (31.2% and 58.7% respectively) and the
oor efficiency (almost zero) could be explained by the low values
nd variation in soil mineral-N. Nevertheless, the overall trend for
eld 5 and the level of concentration were correctly simulated. In
eneral, the values of ME  and RMSE were in good agreement with
hose reported by Schnebelen et al. (2004), Beaudoin et al. (2008)
nd Jégo et al. (2008) for predicting SMN  using the STICS model
or various arable crops. Furthermore, it is noteworthy that the ME,
MSE and EF were almost similar in the four soil layers studied,
ndicating that the STICS model can simulate dynamic SWC  and
MN profiles.
Fig.  3 shows the temporal changes in simulated soil moisture
nd SMN  in comparison with observed data for each soil layer in
eld 1 as an illustration of model performance. These results indi-
ate that the model was able to correctly simulate the temporal
hanges in water and mineral-N quantities in the different soil
ayers. The seasonal variations in soil moisture were significant.
ummers were characterized by a large decrease in soil mois-
ure, up to values close to wilting point (at least for the three
rst horizons). However, the crop sequence had an impact on the
emporal pattern of these variations. The shorter period charac-
erized by moisture at field capacity during 2005–2006 compared
ith 2006–2007 could be explained by the longer period of bareoil between pea harvest (2006) and maize sowing (2007) as com-
ared with the period between soybean harvest (2005) and pea
owing (2006). In the deepest soil layer (90–120 cm), soil moisture
ecreased significantly only during summer 2005.  
SMN values in the uppermost layer (0–30 cm)  increased in the
spring because of soil organic matter and crop residue N mineral-
ization (and N fertilization in 2007). The decreases in SMN  observed
after each of these three increases were due to crop N uptake and
nitrate transfer to deeper soil layers. In the 30–60 cm and 60–90 cm
layers, SMN  decreased rapidly after the beginning of the simula-
tion due to N absorption by soybean. SMN  initially increased at the
beginning of 2006 due to nitrate transfer from the upper layer and
decreased thereafter because this significant amount of nitrate was
transferred to the lower layer. The next increase was also due to
nitrate transfer from upper layers. Finally, SMN  decreased because
of transfer to lower layers and N uptake by the maize crop. In the
deepest layer (90–120 cm), SMN  increased from March 2006 due
to nitrate transfer.
Simulated soil water and nitrogen levels were in good agree-
ment with the measured values despite the wide range of
agronomic (crop type, fertilization and irrigation) and environmen-
tal conditions encountered during our study. Although for some
fields and some sampling times, the simulations were not always
completely satisfactory in terms of absolute values, the trends and
range of variation were satisfactory for all fields. The good agree-
ment between simulated and measured values provides confidence
in the simulations of nitrate leaching and water drainage fluxes.
Moreover, it can be postulated that the model correctly simulated
(i) the N mineralization dynamics of soil organic matter and the
decomposition of crop residues, and (ii) water and nitrate trans-
fer within the soil profile, because no bias was  observed in the
simulation of SWC  and SMN  over the entire year for all the moni-
tored fields. This is particularly true during the long bare soil period
between two main crops (spring crop sown after winter crop, e.g.
maize after winter wheat), where no interaction occurred with
plant N uptake. The model could then be used to evaluate the rel-
ative effects of different input variables on nitrate leaching, as also
shown by other authors (e.g. Beaudoin et al., 2005).
3.2. Evaluation of spatial and temporal variability in nitrate
leaching
3.2.1.  Simulated temporal variations in the three cropping years
Temporal  changes in simulated drainage, nitrate leaching and
nitrate concentration are illustrated in Fig. 4 for fields 1 and 6, which
are representative of the seven monitored fields. Due to the low
level of precipitation during the previous year, soil moisture was
below field capacity during the 2004–2005 winter, which led the
model to simulate no drainage or nitrate leaching in field 1 (Fig. 4a
and b). In this field, like in other monitored fields, two periods of
drainage occurred, as indicated by the measured soil moisture and
water balance. The temporal pattern and duration of these periods
can vary from field to field according to the cropping sequence. In
2006, the month of March was  rainy (107 mm)  and the soil microp-
ores were saturated to a depth of 1.2 m during this period. This high
rainfall combined with the bare soil was responsible for the first sig-
nificant simulated drainage event (13 mm)  for field 1. From autumn
2006 until spring 2007, all soil layers were close to field capacity,
hence every new rainfall event generated drainage, as simulated
by the model (Fig. 4a). For field 1, the simulation indicated signifi-
cant nitrate leaching of 113 kg N ha−1 during the study period and
a considerable variation in nitrate concentration in drainage water,
that is, 50–240 mg  NO3− L−1 (Fig. 4c). The weighted average nitrate
concentration over the whole period was  190 mg  NO3− L−1.
Fig. 4 also shows temporal changes in simulated drainage
(Fig. 4d), nitrate leaching (Fig. 4e) and nitrate concentration in
drainage water (Fig. 4f) for field 6. In this field, the temporal
variation in simulated drainage and nitrate leaching was slightly
different from that in field 1. The first significant simulated drainage
event occurred in February 2005, earlier than in field 1, and the
          
 and S
s
m
t
d
fFig. 3. Temporal changes in observed and simulated gravimetric soil moisture
econd drainage flux occurred in April 2005. These drainage events        
ay be explained by the initial SWC, which was higher in field 6
han in field 1 because of the preceding crop. The simulated main
rainage period (almost 200 mm)  occurred in field 6 in the period
rom November 2005 to April 2006, in spite of the presence of aMN for field 1 at different soil depths. Cropping periods are indicated in gray.
winter wheat crop, and the simulated amount of nitrate leach-
ing was  44 kg N ha−1 (Fig. 4e), or half that in field 1. Most of this
nitrate leaching occurred during the 2006 drainage period with the
winter wheat crop being present, when the amount of drainage
water was  significant and associated with nitrate concentrations
         
Fig. 4. Simulated temporal changes (a and d) in drainage and cumulative drainage, (b and e) in nitrate-N leaching and cumulative N leaching, and (c and f) in instantaneous
nitrate concentration in drainage water and flow weighted mean NO3− concentration in fields 1 and 6. Arrows indicate time and amount of N-fertilization. Cropping periods
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arying between 60 and 100 mg  NO3− L−1 (Fig. 4f). Finally, the sim-
lations indicated there were two main periods of drainage in 2007,
anuary–March and September–October.
Fields  1 and 6 showed two different patterns of temporal distri-
ution of drainage and also of nitrate leaching. Spatial analysis of
itrate leaching in all fields in the study area could help to deter-
ine which of these two patterns of distribution is dominant.
.2.2.  Simulated spatial variation in nitrate leaching
Fig. 5 shows the cumulative nitrate leaching simulated during
wo successive crop sequences (2005–2006 and 2006–2007) on
ll fields in the study area. The 2004–2005 cumulative leaching
esults are not presented because there was almost no drainage        
uring that period. In the six monitored agricultural fields, nitrate
eaching ranged from 5 to 160 kg N ha−1 in 2005–2006 and from
 to 120 kg N ha−1 in 2006–2007. In the fallow field (5), nitrate
eaching was still predicted to be less than 5 kg N ha−1. In all otheragricultural  fields, average nitrate leaching was slightly higher in
2006 (38 kg N ha−1) than in 2007 (23 kg N ha−1) (P < 0.05). Over-
all, most of the nitrate leaching occurred during spring 2006, as
illustrated for field 1 (Fig. 4b). The level of nitrate leaching was
lower during winter 2006–2007 and spring 2007. Nevertheless,
for both years, the range of variation in nitrate leaching between
the fields was quite large. In 2006 and 2007, just 15% of the fields
accounted for 60 and 67% of nitrate leaching, respectively. Nitrate
pollution of groundwater is often called “diffuse pollution” in ref-
erence to the polluter pays principle. However, in the study areas,
the nitrate leaching was associated with point source pollution (at
the field scale) and was characterized by considerable spatial vari-
ation within a short distance and by temporal variations. There was
no significant difference in simulated nitrate leaching between the
two main crops in the area (wheat and maize) in either 2006 or
2007. Moreover, there was  no significant difference in nitrate leach-
ing among the other crops because of the high spatial variability
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Some  studies have shown that previous crop type has an impactig. 5. Spatial distribution of simulated nitrate leaching at 1.2 m depth under all
elds in the study area (a) in 2005–2006 and (b) in 2006–2007.
etween fields. However, in 2007, simulated nitrate leaching was
ignificantly higher (P < 0.05) from the maize and cereal cultivar
esting trial fields, whereas in 2006 the difference was not signifi-
ant (P = 0.48). These fields, used for the assessment of new cultivars
y breeders, were generally overfertilized in order to avoid the risks
f crop nitrogen deficiency.
Soil  type did not induce significant differences in simulated
itrate leaching, but initial SMN  had a significant impact. In
006, nitrate leaching was significantly correlated with initial SMN
y = 0.26x + 8.8; R2 = 0.43), while in 2007 the correlation was  not sig-
ificant. In 2007, the impact of the new cultivar trial fields of maize
nd cereal was predominant.
As  shown in this work and in several previous studies (Shepherd
nd Lord, 1996; Beaudoin et al., 2005), SMN  at harvest was  the key
actor explaining the variation in nitrate leaching. SMN  measured at
arvest (July for winter crops and November for spring crops) in the
0 fields of the area (the seven monitored fields in 2005, 2006 and
007, and 19 additional fields sampled in 2007) showed that there
as no significant difference between SMN  at harvest over a depth
f 0–1.2 m for the two  main crops, despite differences in average
alues (wheat: 60 ± 13 kg N ha−1; maize: 78 ± 25 kg N ha−1). The
ean SMN  after wheat to a depth of 1.2 m was higher than the
5–40 kg N ha−1 reported by Makowski et al. (1999) and Beaudoinet  al. (2005) over a depth of 0–1.2 m in northern France. How-
ever, over a depth of 0–60 cm,  the measured SMN  in a wheat field
at harvest (38 kg N ha−1) is somewhat lower than the 43 kg N ha−1
over 0–60 cm reported by Webster et al. (2003) in the UK. For the
other crops, SMN  was  not significantly different between wheat and
maize but it was lower for rapeseed (25 ± 7 kg N ha−1) and consid-
erably higher for two  fields of trial maize lines (215 ± 25 kg N ha−1).
These maize lines generally take up less nitrogen than commercial
hybrid crops due to their smaller size and slower growth rate. This
value indicates that the N fertilizer application rates were not well
tailored to these crops, which could explain why  the SMN  at harvest
was so high in these fields.
The SMN  contents measured at harvest in the seven monitored
fields in 2007 were in agreement with the SMN  simulated by STICS
(ME  = 15.4%; RMSE = 30.5%). Measured SMN  contents were also in
good agreement with the mean SMN  measured in all the fields of the
study area at harvest except for fields 2 and 8, where the SMN  over
a depth of 0–1.2 m was  slightly higher than the range of variation in
the other fields planted to the same crop. This indicates that, overall,
the monitored fields were representative of the fields located in the
study area.
Simulated drainage, nitrate leaching and nitrate concentration
are detailed in Table 5 for the monitored fields. The drainage and
nitrate concentration were extremely variable from one field to
another, even within this small study area with its fairly homoge-
nous pedoclimatic conditions and stockless farms. In all cases, the
nitrate concentrations in drainage water were considerably higher
than those in the Garonne River and, except for a few instan-
taneous fluxes and the values obtained for the fallow field used
for grazing, the simulations indicated that they were greater than
50 mg  NO3− L−1. The simulated mean weighted nitrate concentra-
tions were extremely high in 2006 for fields 2 and 3 (241 and
334 mg  NO3− L−1 respectively), and in 2007 for fields 1, 2 and 3 (213,
385, and 307 mg  NO3− L−1 respectively). The amount of drainage
water and its nitrate concentration below a depth of 1.2 m could
explain why the nitrate concentration in the alluvial aquifer could
reach values up to 60 mg  NO3− L−1 in some piezometers of the allu-
vial groundwater. As shown for fields 1 and 6, drainage was more
significant in 2006 and 2007 compared to 2005 (almost negligi-
ble), which is explained by rainfall variability. The simulated nitrate
leaching values were higher than 50 kg N ha−1 for field 1 in 2007, for
field 2 in 2006 and 2007, for field 3 in 2006 and 2007, and for field 8
in 2007, although plant N uptake and yields fell within the range of
variation of the study area (Table 5). The high level of nitrate leach-
ing was associated with high nitrate concentrations in drainage
water (>100 mg  NO3− L−1), which were generally associated with
high initial SMN. In the unfertilized fallow land used for grazing,
the simulation showed that significant drainage occurred only in
2007 (63 mm)  but, owing to the green cover throughout the year,
the nitrate concentrations were very low (<10 mg  NO3− L−1).
3.2.3. Relationship between simulated nitrate leaching and
agricultural practices
Our  work involved analyzing and explaining the high spa-
tial variability of the piezometer measurements in the study
area (Sánchez-Pérez et al., 2003b) in connection with simulated
drainage, nitrate leaching and nitrate concentration in drainage
water at the alluvial floodplain scale. The relationships between
nitrate leaching and drainage, and between nitrate leaching and
nitrate concentration in drainage water were not significant, indi-
cating that drainage and nitrate concentration in drainage water
were not directly linked.on nitrate leaching (Shepherd and Lord, 1996; Hall et al., 2001; Jégo
et al., 2008). However, in our study area no significant relationship
was found between SMN  at harvest and crop type, probably because
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Table 5
Input  data and simulated output variables of the seven monitored fields.
Input data Outputs variables simulated
Year Simulated period Field Crop Rainfall
(mm)
Initial SMN
(kg  N ha−1)
Drainage
(mm)
Nitrate
leaching
(kg N ha−1)
Nitrate
concentration
in drainage
water
(mg NO3− L−1)
SMN  at harvest
(kg  N ha−1)
Plant N-uptake
(kg  N ha−1)
Dry yield
(t  ha−1)
2005
18/02/05–30/11/05  1 Soybean 350 58 0 0 – 75 179 1.0
25/11/04–30/11/05 6 Spring pea 425 159 74 10 63 167 231 4.3
18/02/05–30/11/05 10 Sunflower 350 74 77 7 39 53 139 5.3
2006
01/12/05–31/10/06  1 Winter pea 644 75 37 6 69 162 233 3.0
01/12/05–31/10/06 2 Maize 644 303 188 142 334 207 177 6.3
01/12/05–31/10/06 3 Sorghum 644 287 93 51 241 248 230 7.0
01/12/05–31/10/06 5 Fallow 644 25 0 0 – 14 60 –
01/12/05–31/10/06 6 Wheat 644 167 137 34 110 65 169 5.8
01/12/05–31/10/06 8 Soybean 644 58 156 9 24 101 177 4.1
01/12/05–31/10/06 10 Wheat 644 53 109 6 23 55 163 7.4
2007
01/11/06–31/10/07  1 Maize 600 162 222 107 213 119 240 9.6
01/11/06–31/10/07 2 Wheat 600 207 120 104 385 125 215 5.1
01/11/06–31/10/07 3 Wheat 600 248 118 81 307 75 258 10.0
01/11/06–31/10/07 5 Fallow 600 14 63 <1 <1 10 40 –
01/11/06–31/10/07 6 Rapeseed 600 63 106 <1 <1 87 277 3.3
01/11/06–31/10/07 8 Soybean 600 101 235 60 112 81 147 2.9
01/11/06–31/10/07 10 Soybean 600 54 253 30 53 41 165 4.2
Table 6
Simulation of the impact of initial SMN  in fields 2 and 3 on water and nitrate fluxes. Simulated output variables using actual initial SMN  are compared with model simulations using an average initial SMN  of 80 kg N ha−1.
Input data Simulated  output variables
Field Simulation period Crop SMN initial
(kg  N ha−1)
Drainage
(mm)
Nitrate
leaching
(kg N ha−1)
Nitrate
concentration
in  drainage
water
(mg  NO3− L−1)
Final SMN
(kg  N ha−1)
2
1/12/05–31/10/06 Maize
303 188 142 334 207
80 189 36 84 112
1/11/06–31/10/07 Wheat
207 120 104 385 125
80 128 15 52 131
3
1/12/05–31/10/06 Sorghum
287 93 51 241 248
80 93 12 57 141
1/11/06–31/10/07 Wheat
248 118 81 307 75
80 117 9 34 83
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tig. 6. Simulated nitrate concentration in drainage water as a function of initial SMN
n 2006 and 2007.
ertilizer-N is not properly adjusted to meet crop requirements for
ome crops (e.g. new maize cultivar trials) and also because farm-
rs do not analyze SMN  as part of their approach for adjusting
ertilizer-N. In addition, the three preceding years were very dry
nd SMN  could have accumulated in the soil. Thus, no relation-
hip was found between previous crop and simulated drainage,
itrate leaching, or nitrate concentration (Table 5). There was also
o significant correlation between nitrate concentration or nitrate
eaching and quantity of N fertilizer applied (Fig. 4a, c, d, and f).
his was probably due to the fact that fertilization rates were not
djusted based on the initial SMN  level. Consequently, the nitrate
oncentration could vary widely for the same fertilizer application
ate. The adjustment of N-fertilization based on the initial SMN
evel would have decreased the nitrate concentration in drainage
ater, as reported in other studies (Hansen and Djurhuus, 1996;
ary et al., 2002; Ferguson et al., 2002) and demonstrated by the
cenario with reduced initial SMN.
In the study area, soil type and depth were almost homogenous
nd although many studies have shown that soil type has an impor-
ant impact on nitrate leaching (Nieder et al., 1995; Simmelsgaard,
998; Hoffmann and Johnson, 1999), no significant impact was
bserved in our study. The small variability of soil properties and
he small number of agricultural fields with soil 1 (3 fields), soil 3
9 fields) or soil 4 (12 fields), compared to soil 2 (26 fields), could
xplain why no significant relationship was found.
The initial soil nitrogen content, that is, the mineral-N present in
he whole 1.2 m depth profile at the beginning of the study and sim-
lation period, was positively and significantly correlated with the
itrate concentration in drainage water (Fig. 6). This is in agreement
ith other studies (Arregui and Quemada, 2006), which reported
hat SMN  content before planting, together with drainage, was the
ain factor determining the amount of N leached and thus the
itrate concentration in drainage water. The initial SMN  value was
articularly high in fields 2 and 3 and, as a consequence, the mean
imulated nitrate concentration in drainage water was also very
igh. In order to examine the importance of initial soil mineral N
ontent, we used scenarios with lower initial SMN  values. The sim-
lations of the 2005–2006–2007 crop sequences showed that the
itrate concentration in drainage water from fields 2 and 3 was
ery high. The use of a catch crop was not possible in these sit-
ations because the period of bare soil between main crops was
oo short. A strong positive correlation was found between these
itrate concentrations and initial SMN. In order to examine this        
elationship more closely, we carried out simulations for these two
elds with an initial SMN  of 80 kg N ha−1. For the two fields and for
he two successive years simulated, decreasing the initial SMN  led
o a large decrease in nitrate leaching and nitrate concentration in  
drainage water, without affecting the main crop yields (Table 6).
These results illustrate the importance of reducing high SMN con-
tents during autumn before the winter drainage period in order to
reduce nitrate leaching. In such a situation, a catch crop may  be
a solution for reducing nitrate leaching (Thorup-Kristensen et al.,
2003).
The SMN  level in late autumn, before winter drainage, was
found to be the main contributing factor. This demonstrates that
N management was unsatisfactory in the medium term and that
cumulative problems associated with unsuitable agricultural prac-
tices may  be more detrimental for N management than a single
annual case of nitrogen overfertilization in cases of deep alluvial
soils, particularly in situations of low or highly variable drainage
between years.
4.  Conclusions
The simulated SWC  and SMN  values in the dynamic simula-
tions were generally and specifically (temporal and between-layer
changes) in good agreement with the measured values. These sat-
isfactory results allowed the model to be used to simulate the
temporal and spatial variability in nitrate leaching to provide a
diagnostic assessment of the situation. This work could provide
the basis for future studies to assess the impact of modifications
of agricultural practices aimed at decreasing nitrate leaching and
nitrate concentration in drainage water.
There was no significant difference in SMN  values at harvest or
in nitrate leaching for the different main crops in the study area,
although large between-field variations were observed. Nitrogen
management in this part of the alluvial floodplain was not effec-
tive and hence the nitrate concentrations in drainage water under
crops were too high. Drainage and nitrate concentration values var-
ied widely from one field to the next, depending on the previous
crop, agricultural practices (with or without irrigation) and annual
climate conditions. For some fields, the average annual nitrate con-
centration in drainage water was greater than 200 mg  NO3− L−1 and
nitrate leaching exceeded 100 kg N ha−1. Analyses of temporal and
spatial variability in nitrate leaching showed that the pattern of
nitrate leaching was  extremely specific and irregular (spatially and
temporally) and also that the SMN  content at the end of autumn,
before the winter drainage period, was  the most significant factor
explaining this variability. For the study area, this means that N
management must be aimed at reducing SMN as much as possible
in November. This means that N fertilization for the next main crop
must be adjusted by taking into account the residual SMN  at the
beginning of the crop season (soil analysis may  be necessary) and
by planting catch crops to decrease SMN  before the winter.
In  order to complement this work and to better assess the impact
of the spatial and temporal distribution of nitrate leaching under
agricultural fields on the nitrate concentration in groundwater and
in the Garonne River, the STICS soil-crop model could be coupled
with a hydrogeological model. This would permit simulation of
(i) the impacts of agricultural activities on groundwater nitrate
concentration and its spatial variability and (ii) the interactions
between river water and groundwater. In the case of large rivers
such as the Garonne River, groundwater can be influenced by river
water several hundred meters from the riverbank. This would make
it possible to simulate the impact of agricultural practices on nitrate
concentrations in groundwater in a portion of the alluvial plain and
better explain the spatial variability of nitrate concentrations in the
groundwater. The performance of the coupled model could be eval-
uated using the groundwater nitrate concentration measured in the
piezometers that have been used on this site for several years.
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